The effects of various hypertonic solutions on the intraventricular conduction, ventricular repolarization and the arrhythmias caused by the intravenous (iv) injection of bupivacaine (6.5 mg/kg) were studied in sodium pentobarbital-anesthetized mongrel dogs. Hypertonic solutions, given iv 5 min before bupivacaine, were 7.5% (w/v) NaCl, 5.4% (w/v) LiCl, 50% (w/v) glucose (2,400 mOsm/l, 5 ml/kg), or 20% (w/v) mannitol (1,200 mOsm/l, 10 ml/kg). Bupivacaine induced severe arrhythmias and ventricular conduction and repolarization disturbances, as reflected by significant increases in QRS complex duration, HV interval, IV interval and monophasic action potential duration, as well as severe hemodynamic impairment. Significant prevention against ventricular electrophysiologic and hemodynamic disturbances and ventricular arrhythmias was observed with 7.5% NaCl (percent increase in QRS complex duration: 164.4 ± 21.8% in the non-pretreated group vs 74.7 ± 14.1% in the pretreated group, P<0.05; percent increase in HV interval: 131.4 ± 16.1% in the non-pretreated group vs 58.2 ± 7.5% in the pretreated group, P<0.05; percent increase in monophasic action potential duration: 22.7 ± 6.8% in the non-pretreated group vs 9.8 ± 6.3% in the pretreated group, P<0.05; percent decrease in cardiac index: -46 ± 6% in the non-pretreated group vs -28 ± 5% in the pretreated group, P<0.05). The other three hypertonic solutions were ineffective. These findings suggest an involvement of sodium ions in the mechanism of hypertonic protection. 
Introduction
Local anesthetics are a large group of drugs sharing the same mechanism of action, i.e., blockade of fast Na + channels at the membrane level (1) . In the peripheral nerve, this mechanism is responsible for the anesthetic effect, preventing impulse conduction and thereby causing anesthesia.
Similar effects may be observed in the cardiac muscle. Local anesthetics affect myocardial depolarization by decreasing the inward Na + current. Therefore, the slope of phase 0 of the action potential is less pronounced and the conduction velocity is reduced (2) (3) (4) (5) . They also interfere with the myocardial repolarization, prolonging the recovery time of the fast sodium channel and consequently increasing the refractory period (6) (7) (8) .
Bupivacaine is a local anesthetic widely used in anesthesiology because of its long duration of action. However, its extremely high affinity for the membrane channels can lead to toxic cardiac electrophysiologic effects when the drug is accidentally administered iv (4, (9) (10) (11) . There are several reports of serious anesthetic accidents and fatalities due to inadvertent iv injection or enhanced absorption of bupivacaine during regional anesthesia (12) (13) (14) (15) .
Because of the rapid onset and severity of arrhythmias and hypotension, the management of this condition is very difficult. In fact, there is no consensus on how to treat this event (16) (17) (18) (19) (20) .
Hypertonic sodium solutions effectively correct the hypotension induced by severe hemorrhage (21, 22) . Prehydration with small amounts of hypertonic saline is also effective to minimize hypotension associated with spinal anesthesia (23) . Simonetti et al. (24) studied the effects of hypertonic saline on the hypotension caused by iv bupivacaine and noticed a protective effect on the cardiac arrhythmias as well. This led us to investigate the effects of hypertonic solutions on the electrophysiologic and hemodynamic alterations induced by toxic doses of bupivacaine in dogs.
Material and Methods
This experiment was conducted according to NIH guidelines for the use of experimental animals and reviewed by the Institutional Board. Seventy-three mongrel dogs of either sex weighing 16.7 ± 4.7 kg were anesthetized with 20 mg/kg iv sodium pentobarbital and ventilated with a Takaoka model 670 volume ventilator with 100% oxygen. The left femoral artery was cannulated and used for arterial pressure monitoring. The right femoral vein was cannulated for drug infusion and the right femoral artery for blood sampling. A lead II surface electrocardiogram was monitored throughout the experiment.
Studies on intraventricular conduction
A #5F bipolar electrode was introduced into the left femoral vein of 57 dogs, and positioned by fluoroscopy at the level of the septal leaflet of the tricuspid valve for His bundle electrogram recording. Two other #5F bipolar electrodes were then introduced into the left jugular vein; one was positioned by fluoroscopy in the upper right atrium to record a right atrial electrogram close to the sinus node, and the other in the right ventricular apex to record the right ventricular electrogram. Recordings were obtained with a Hewlett-Packard model 8890A polygraph at a bandpass of 50 to 500 Hz and recorded on Kodak Linagraph 2201 photographic paper at a speed of 100 mm/s. Recorded data were: i) QRS complex duration; ii) HV interval, namely the time interval between the His bundle spike and the first deflection of the ventricular electrogram; iii) IV interval, i.e., the time interval between the ventricular electrograms obtained at the His bundle electrogram site and the right ventricular apex.
The dogs were then assigned to five groups according to the pretreatment they received: B6 (17 dogs) -iv injection of 6.5 mg/kg bupivacaine; H5B6 (17 dogs), iv injection of 6.5 mg/kg bupivacaine 5 min after pretreatment with 5 ml/kg 7.5% (w/v) NaCl; L5B6 (9 dogs), iv injection of 6.5 mg/kg bupivacaine 5 min after pretreatment with 5 ml/kg 5.4% (w/v) LiCl; G5B6 (7 dogs), iv injection of 6.5 mg/kg bupivacaine 5 min after pretreatment with 5 ml/kg 50% (w/v) glucose; M10B6 (7 dogs), iv injection of 6.5 mg/kg bupivacaine 5 min after pretreatment with 10 ml/kg 20% (w/v) mannitol.
Recordings were obtained at baseline, 5 min after pretreatment, immediately after bupivacaine injection, and every 30 s until death or for 3 min after the injection.
Studies on ventricular repolarization
In 16 other dogs, a monophasic action potential electrode was introduced through the right carotid artery and positioned at the level of the left ventricular apex by fluoroscopy. Monophasic action potential recordings were then obtained with a model ES2000 Gould polygraph at a bandpass of 0.5 to 300 Hz and acquired with a microcomputer using a software developed by the Bioengineering Division of the Heart Institute. The ventricular repolarization was analyzed taking into account the duration (ms) of the monophasic action potential at 20 (T20), 50 (T50) and 90% (T90) repolarization. The dogs were then assigned to two groups: B6R (8 dogs), same as group B6; H5B6R (8 dogs), same as group H5B6.
Recordings were obtained at the same times as in the intraventricular conduction studies.
Studies on cardiovascular responses and metabolic changes
In all dogs, mean arterial pressure was monitored throughout the experiment. In 8 dogs of group B6 and 8 dogs of group H5B6, a #7F Edwards 3-way thermodilution catheter was introduced into the right jugular vein and its tip positioned in the pulmonary circulation to record pulmonary pressures and to measure cardiac output. In these dogs, arterial blood samples for blood bupivacaine levels, plasma Na and K levels, plasma osmolarity, and arterial blood gases were drawn at baseline, immediately and 5 min after 7.5% NaCl infusion, and then at 30, 90, and 180 s after bupivacaine injection. At the same times, cardiac output was measured using a model COM-1 American Edwards Instruments Cardiac Output Computer.
Data analysis
Intraventricular conduction and pressure measurements were performed using a Digicon model 1812 digitizer table (Alberta, Canada) coupled to a microcomputer with a dedicated software. Each measurement was the mean of five consecutive readings during sinus rhythm. Intraventricular repolarization measurements were performed using a microcomputer with a dedicated software.
Plasma osmolarity was measured with a model 3D2 Advanced Digimatic Osmometer (Needham Heights, MA, USA), with each value representing the mean of two consecutive measurements.
Blood bupivacaine levels were measured by high-performance liquid chromatography. Data are reported as means ± SEM in ms. B6: iv injection of 6.5 mg/kg bupivacaine; H5B6, L5B6, G5B6, and M10B6: pretreatment with 5 ml/kg 7.5% NaCl, 5 ml/kg 5.4%LiCl, 5 ml/kg 50% glucose, and 10 ml/kg 20% mannitol, respectively, followed by iv injection of 6.5 mg/kg bupivacaine. *P<0.05 compared to respective control (ANOVA). ANOVA or the Student t-test for independent samples; if ANOVA showed significant differences, the Student-Newman-Keuls test was applied to determine the differences. The level of significance was set at 0.05.
Results

Intraventricular conduction
Bupivacaine severely prolonged intraventricular conduction times (Table 1) . Its effect was immediate, reaching a peak within 30 to 90 s and decreasing thereafter.
In group B6, QRS complex duration increased by 164.4 ± 21.8%, HV interval by 131.4 ± 16.1% and IV interval by 128.5 ± 18.8%. Among the hypertonic solutions tested, only 7.5% NaCl reduced this effect. In group H5B6, the QRS complex duration increased by 74.7 ± 14.1% (P = 0.005) and the HV interval by 58.2 ± 7.5% (P<0.001). The IV interval increased by 115.5 ± 18.8% (P = 0.573); although this shows a tendency to a lower increase compared to B6, this value was not statistically significant and not different from the other treatments.
The other hypertonic solutions had no effect at all: in group L5B6, QRS complex duration increased by 157.1 ± 27.2%, HV interval by 134.2 ± 17.7% and IV interval by 96.3 ± 25.8%; in group G5B6, QRS complex increased by 149.1 ± 14.4%, HV interval by 156.6 ± 20.7% and IV interval by 102.3 ± 12.3%, and in group M10B6, QRS complex increased by 164.1 ± 25.7%, HV interval by 115.6 ± 10.5% and IV interval by 81.9 ± 9.7%. None of these increases differed from group B6. Figures 1 and 2 show the electrophysiologic recordings of typical dogs, one from group B6 and one from group H5B6. Note that changes in QRS duration, HV, and IV intervals in the H5B6 dog are much less marked than in the B6 dog; also note the development of ventricular tachycardia in the B6 dog. 
Statistical analysis
Results are expressed as mean ± SEM of maximal percent variation from basal values and the normality of this notation was tested.
Statistical analysis was performed by
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Ventricular repolarization
Bupivacaine also affected left ventricular repolarization analyzed by the monophasic action potential ( Table 2 ). The effects on repolarization were also very early, starting immediately after injection of the drug, reaching a peak 30 to 90 s later and decreasing thereafter.
Bupivacaine shortened T20 (the plateau phase), but increased T90 (the total action potential duration). Thus, in group B6R, T20 was shortened by -25.0 ± 7.5% (P = 0.03), T50 by -15.5 ± 6.9% (P = 0.15) and T90 increased by 22.7 ± 6.8% (P = 0.003) after the injection of bupivacaine. Conversely, in group H5B6R the effects were much less marked: T20 increased by 4.1 ± 16.3% (P = 0.91), T50 by 10.4 ± 6.8% (P = 0.236) and T90 by 9.8 ± 6.3% (P = 0.302). Figures 3 and 4 show typical monophasic action potential recordings for one dog in group B6R and another in group H5B6R. Note the differences in the ventricular repolarization alterations, clearly visible in the B6R dog and much less apparent in the H5B6R dog.
Cardiac arrhythmias and mortality
The arrhythmias observed in this series were sinus node dysfunction (SND) and ventricular arrhythmias (Table 3) . SND caused severe bradycardia and, in some dogs, led to death due to asystole. Ventricular arrhythmias were classified as: 1) nonsustained ventricular tachycardia (NSVT), when the episode lasted less than 30 s; 2) sustained ventricular tachycardia (SVT), when it lasted more than 30 s or degenerated to ventricular fibrillation (VF), and 3) primary VF. Each arrhythmia occurred alone or in combination in each animal.
In the non-NaCl-pretreated groups (B6 and B6R), SND occurred in 2/25 dogs, NSVT in 2/25 dogs, SVT in 5/25 dogs, and VF in 8/25 dogs, and 12/25 dogs died. When 7.5% Data are reported as means ± SEM for N = 8 in each group. T20, T50, T90: duration (ms) of the monophasic action potential at 20, 50 and 90% repolarization, respectively. B6R and H5B6R are the same as B6 and H5B6, respectively (see Table 1 ). *P<0.05 compared to respective control (ANOVA). NaCl was used as pretreatment (groups H5B6 and H5B6R), only one dog showed one episode of NSVT, one dog presented SND and another dog VF. The overall mortality was 1/25 dogs. Pretreatment with the other hypertonic solutions (groups L5B6, G5B6 and M10B6) had no protective effect, as shown in Table 3 .
Cardiovascular responses and metabolic changes (Table 4)
Cardiac dynamics changed substantially after bupivacaine injection, with marked depression in cardiac function parameters. Thus, in group B6, mean arterial pressure decreased from 110.0 ± 3.4 to 40.8 ± 5.5 mmHg (-62 ± 5%), cardiac index decreased from 3.0 ± 0.2 to 1.7 ± 0.2 l min -1 m -2 (-46 ± 6%), systolic pulmonary pressure increased from 10.1 ± 0.9 to 13.6 ± 1.0 mmHg (38 ± 9%), diastolic pulmonary pressure from 6.5 ± 0.9 to 9.8 ± 1.0 mmHg (63 ± 20%), and mean pulmonary pressure from 8.4 ± 0.9 to 12.1 ± 0.9 mmHg (49 ± 11%).
Pretreatment with 7.5% NaCl significantly decreased these actions: mean arterial pressure was reduced only from 116.3 ± 7.3 to 82.5 ± 6.5 mmHg (-26 ± 6%, P<0.001), cardiac index from 3.1 ± 0.3 to 2.3 ± 0.3 l min -1 m -2 (-28 ± 5%, P = 0.04), systolic pulmonary pressure increased from 12.9 ± 1.1 to 23.8 ± 2.5 mmHg (85 ± 13%, P = 0.01), diastolic pulmonary pressure from 8.2 ± 0.9 to 17.0 ± 1.8 mmHg (113 ± 16%, P = 0.07), and mean pulmonary pressure from 10.8 ± 1.0 to 21.6 ± 2.4 mmHg (100 ± 15%, P = 0.02). The significant increases in pulmonary pressures in group H5B6 did not lead to clinical pulmonary congestion.
Plasma osmolarity was significantly higher following hypertonic NaCl treatment. Plasma osmolarity increased from 280 ± 2 to 287 ± 3 mOsm/l (3 ± 1%) in group B6 and from 282 ± 3 to 325 ± 10 mOsm/l (15 ± 5%, P = 0.02) in group H5B6.
Plasma sodium levels decreased from 140.3 ± 1.3 to 139.5 ± 1.6 mEq/l (-1 ± 1%) in group B6, but increased from 141.6 ± 2.0 to 161.6 ± 5.7 mEq/l in group H5B6 (14 ± 2%, P<0.001). Plasma potassium levels decreased from 3.5 ± 0.1 to 3.2 ± 0.1 mEq/l (-7 ± 1%) in group B6 and from 3.7 ± 0.1 to 2.9 ± 0.2 mEq/l (-24 ± 4%, P = 0.001) in group H5B6.
Blood bupivacaine levels similarly reached toxic levels in groups B6 and H5B6. In group B6, the maximal levels were 15 ± 2 µg/ml 30 s after bupivacaine injection, decreasing to 5 ± 1 µg/ml 180 s after the injection; in group H5B6, the levels were comparable: the maximal levels were 20 ± 4 µg/ml, decreasing to 10 ± 2 µg/ml, measured at the same times.
The other metabolic parameters for groups B6 and H5B6 did not change significantly.
The mean arterial pressure for group L5B6 changed from 121.6 ± 7.3 to 61.8 ± 10.0 mmHg, group G5B6 from 127.9 ± 6.7 to 74.3 ± 9.7 mmHg and group M10B6 from116.4 ± 9.2 to 71.1 ± 10.6 mmHg.
Discussion
The main finding of our study was that hypertonic NaCl pretreatment effectively protected against the electrophysiologic disturbances and ventricular arrhythmias induced by bupivacaine intoxication. Toxic blood levels of bupivacaine, above 5 µg/ml (1), were detected in every dog in this study.
It is well known that bupivacaine binds to the inactivated Na + channel, slows phase 0 of the action potential and impairs stimulus conduction in the heart. This was well demonstrated in our study: QRS complex duration, HV interval and IV interval consistently increased in all dogs. The fact that this anesthetic binds to the Na + channel in the inactivated state or during the plateau phase, plus a calcium channel blocking effect (25) , may explain the shortening of T20 observed in our data. It has been shown that bupivacaine blocks delayed rectifier (8) and transient outward K + currents (7), and prolongs action potential duration, as seen in our material by the prolongation of the monophasic action potential in T90.
Among the hypertonic solutions tested, only 7.5% NaCl prevented the electrophysiologic effects of the drug both on stimulus conduction and ventricular repolarization. Hyperosmolarity per se cannot explain this protection. The effects of hyperosmolarity on normal electrophysiologic parameters have been studied by other authors. Ehara and Hasegawa (26), using isolated guinea pig ventricular muscle submitted to hypertonic electrolytic and non-electrolytic solutions, found increases in action potential duration and a decrease in Vmax during phase 0 when a non-electrolytic solution (glucose or sucrose) was used. The same investigators also tested lithium chloride and found an initial increase in Vmax. However, this action only lasted for a short period of time.
Our findings are consistent with these data. Actually, from the studies mentioned above, it would be expected that hypertonic solutions other than Na + salts might worsen the electrophysiologic disturbances since their effects tend to decrease phase 0 (and consequently the conduction velocity) and to prolong the action potential duration. This is suggestive of what we found when glucose and mannitol were used: no improvement or even a slight impairment in intraventricular conduction was observed when compared to the non-pretreated group. The results after LiCl infusion, however, were not what might have been expected: a slight protection might have occurred, but our data showed results similar to those obtained when non-electrolytic solutions were tested.
The mechanism of the protective effect of sodium is unknown. There is evidence that sodium overload by itself has no effect on normal myocardial electrophysiology (27) (28) (29) . Thus, it probably reverses, at least in part, the bupivacaine sodium channel blockade. Our results differ from those obtained with lidocaine, which showed no protective effect with hypertonic saline (30, 31) . Both drugs bind to the sodium channel during the inactivated state; however, different binding sites or properties may prevent competition between extracellular sodium and lidocaine but not bupivacaine. The bupivacaine used in this study is an equimolar mixture of R(+)-and S(-)-bupivacaine (levobupivacaine). Levobupivacaine has been reported to be less arrhythmogenic than bupivacaine (32, 33) . Levobupivacaine had less affinity for myocardial sodium channels than dextrobupivacaine and dissociation from sodium channels was faster (34, 35) . Thus, further studies are needed to determine whether sodium overload has different protective effects on the electrophysiologic alterations induced by bupivacaine and levobupivacaine.
Hemodynamic and metabolic changes cannot explain the protection. No metabolic differences were found between groups, ex-cept for plasma sodium levels. Hemodynamic findings give little insight into electrophysiologic mechanisms, although NaCl-pretreated dogs have a much better hemodynamic outcome; we believe this better outcome is simply part of the action of hypertonic NaCl.
Differences in the effect of hypertonic NaCl on HV and IV intervals may suggest that protection occurs mainly in the proximal part of the conduction system (HV interval). However, the limitations of the IV interval as a measure of peripheral conduction must be considered. It must be remembered that several structures (right bundle branch, Purkinje network, and right ventricular muscle), with different electrophysiologic properties, compose the IV interval.
In conclusion, pretreatment with hypertonic NaCl effectively protects against the cardiovascular toxicity of bupivacaine, an effect not seemingly related to hypertonicity alone. Further studies disclosing the mechanisms of such protection should provide insights into the significance and applicability of these findings.
